Objectives-To determine whether a novel, noninvasive quantitative ultrasound (US) technique can detect differences in proximal and distal cervical tissue echogenicity in women with and without a shortened cervical length (CL).
characterized by increased myometrial contractility and a shift toward proinflammatory signaling pathways, is pathologically activated. This process results in premature cervical remodeling, consisting of softening, shortening, and dilatation of the cervix. 5, 6 Efforts to predict and prevent spontaneous PTB based on clinical, biochemical, and ultrasound (US) imaging criteria are not consistently effective. [7] [8] [9] [10] A cervical length (CL) measurement of less than 2.5 cm on transvaginal ultrasound (TVUS) imaging in the second trimester, especially when observed in conjunction with the presence of fetal fibronectin in vaginal secretions, is currently the best predictor of preterm delivery. 11, 12 Unfortunately, cervical shortening occurs late in the disease process, when interventions may be less effective. Cervical shortening represents a symptom, but not the pathophysiologic mechanism, of cervical insufficiency. The macrostructural finding of cervical shortening is logically preceded by microstructural changes, which, if detectable by noninvasive techniques, could ultimately provide new avenues to predict and prevent spontaneous PTB.
Several noninvasive technologies have been studied to objectively assess the tissue characteristics of the pregnant cervix. [13] [14] [15] [16] [17] [18] One such technique involves the use of image-processing algorithms that can extract additional information from US images to better characterize biological tissues. 19, 20 Applying this method to TVUS images of the cervix may allow early identification of changes in the organization and composition of the extracellular matrix in patients who deliver preterm. [21] [22] [23] Our group previously evaluated the effectiveness of one such technique, referred to as the heterogeneity index, to predict spontaneous PTB. 21 The heterogeneity index was determined by using a spectral density estimation technique in which the modulus squared of the discrete Fourier transform was calculated in the form of a periodogram. It remains uncertain whether alternative imageprocessing algorithms can improve on the techniques previously demonstrated. It is possible that other algorithms may be more predictive of spontaneous PTB or yield new insights into how the cervical stroma changes during gestation. Furthermore, it is possible that regional differences in cervical tissue composition may also be detected by quantitative US techniques.
We hypothesized that there are differences in cervical tissue echogenicity in cases of premature compared to normal cervical remodeling. Specifically, we theorized that weakening or relaxation of the internal os, attributable to collagen fiber rearrangement and increased tissue hydration, may be associated with regional differences in US tissue echogenicity. The objective of our study was to determine if a novel, noninvasive quantitative US technique can detect differences in proximal and distal cervical tissue echogenicity in women with and without a shortened CL. This objective was accomplished by comparing the difference in percent echogenicity (DE) between the proximal (upper) and distal (lower) cervix in both the anterior and posterior cervical lips.
Materials and Methods

Participants
This work was a retrospective case-control study in which the groups were defined by their initial CL. Cases were women with an initial CL of less than 2.5 cm, and controls were women with an initial CL of 2.5 cm or greater. Singleton pregnancies in which a TVUS examination was performed to measure CL at 16 to 26 weeks' gestational age at a large tertiary care university medical center from January 2013 to December 2015 were evaluated for inclusion. At this institution, indications for transvaginal CL screening in the second trimester include a history of spontaneous PTB, cervical insufficiency, uterine fibroids, m€ ullerian anomalies, prior cervical surgery, and an inadequately visualized or shortappearing cervix on transabdominal US images at the time of the fetal anatomic survey. Ten experienced registered diagnostic medical sonographers performed the US examinations, and maternal-fetal medicine attending physicians reviewed their findings. Ultrasound examinations were performed with either a Voluson E8 or Voluson 730 system (GE Healthcare, Milwaukee, WI) or an iU22 system (Philips Healthcare, Bothell, WA). Patients were included in the study if they delivered at the same institution after 20 weeks' gestation. Exclusion criteria included fetal anomalies, abnormal or invasive placentation, preterm delivery for maternal or fetal indications, and cerclage placement before the initial TVUS for measurement of CL. If a patient had multiple CL measurements by TVUS during the pregnancy, only the first study was included in the analysis. Longitudinal changes in CL were not evaluated in this study. It should be noted that some patients in our study population were also included in our previous study, which evaluated a different image-processing technique. 21 The study protocol was approved by the Northwell Health System Human Research Protection Program and Institutional Review Board. Medical records were reviewed to obtain baseline characteristics of the study population, including maternal age, gravidity and parity, medical and surgical histories, and gynecologic and obstetric histories. For each patient, the antepartum course was evaluated to identify which patients underwent progesterone therapy or cerclage placement, and the obstetric outcomes were reviewed, including mode of delivery, gestational age at delivery, and spontaneous versus indicated delivery.
Image Acquisition and Quantification of Echogenicity
Ultrasound images of the cervix were obtained in the manner described by Iams et al 12 while adhering to the recommended TVUS image criteria outlined by the Cervical Length Education and Review program (https:// clear.perinatalquality.org). Equipment settings were adjusted at the sonographer's discretion to obtain the optimal image quality. The length of the cervix was measured with a TVUS transducer placed in the anterior fornix of the vagina while the woman's bladder was empty. The cervix was evaluated at rest, and any change with suprapubic or fundal pressure was noted. The appropriate midline sagittal view of the cervix and lower uterine segment was confirmed by clear visualization of the internal cervical os, the external cervical os. and the entire endocervical canal. The shortest measurement of the cervix was recorded. The anterior and posterior lips of the cervix were approximately equal in all images collected for analysis.
One US image of the cervix was selected and evaluated for each study participant after careful review of all saved images from the initial TVUS examination. For each patient, the best-quality image was chosen for analysis; this image was the one with an optimized field of view (cervix occupying 75% of image), clear visualization of tissue texture in both the anterior and posterior lips of the cervix, and minimal shadowing. Some images selected for analysis were at rest, and some were during the Valsalva maneuver. All images were analyzed in MATLAB (version 9.2.0.556344 [R2017a]; The MathWorks, Natick, MA) using a customized program that assessed the relative echogenicity of different regions of cervical tissue. For each US image, 4 regions of interest (ROIs) were selected from the following areas: proximal anterior (PA) cervix, proximal posterior (PP) cervix, distal anterior (DA) cervix, and distal posterior (DP) cervix (Figure 1) . A single investigator, blinded to obstetric outcomes, manually selected these ROIs, carefully ensuring that only cervical tissue was delineated while avoiding cystic areas and shadowing. The Floyd-Steinberg dithering algorithm, an error diffusion technique, was applied to each ROI to transform the grayscale pixels into a binary map (Figure 2) . A histogram of each processed ROI tabulated the number of black and white pixels. The percent echogenicity (E) for each ROI was then determined by dividing the number of white pixels by the total number of pixels d then multiplying by 100. Since this method is based on the ratio of the maximum to minimum of the grayscale pixel values, adjustment of the gain by the sonographer will not affect the result. The DE was calculated as follows:
Statistical Analysis
The primary outcome evaluated was DE stratified by CL group (<2.5 versus 2.5 cm). Patient demographics and clinical characteristics were examined to determine whether they were associated with spontaneous PTB.
Comparisons for continuous variables were performed with the Mann-Whitney or t test, as appropriate. Comparisons for categorical variables were performed with the Fisher exact test or v 2 test, as appropriate. Given the preliminary and exploratory nature of this study, the sample size was one of convenience and was not based on any formal statistical power calculations. All analyses were performed with SAS version 9.3 software (SAS Inc, Cary, NC.). A mixed-models approach was used to examine differences in DE between CL groups (short/normal) and to examine whether the measurements differed according to ROI location (proximal/distal and anterior/posterior) within the cervix. This difference was examined by running a model that evaluated the interaction of these variables. After identifying a statistically significant interaction, we ran several analyses comparing each of the following: the average proximal cervical echogenicity, average distal cervical echogenicity, and average DE.
Results
Ultrasound images of the cervix were analyzed in a total of 177 women: 102 were classified as having a short cervix (<2.5 cm), and 75 were classified as having a normal CL (2.5 cm). There was no difference in the maternal age or gestational age at which the TVUS examination was performed between the groups ( Table 1) . As would be expected at an institution with selective rather than universal CL screening, women with a short cervix at the time of TVUS were more likely to be multiparous with a history of spontaneous PTB. Also, as expected, women in this group were more likely to subsequently have a cerclage placed or have progesterone administered. The mean gestational ages at delivery 6 SD were 36.1 6 4.5 weeks in women with a short cervix and 38.8 6 1.8 weeks in women with a normal cervix (P < .0001). The rates of spontaneous PTB (<37 weeks) in women with a short cervix and women with a normal cervix were 44.1% and 10.7%, respectively (P < .0001).
There was a statistically significant difference in DE (P < .0001) when comparing women with a short cervix (9.8 6 10.1) to women with a normal cervix (17.2 6 9.5). These differences were attributable to changes in the echogenicity of the proximal cervical stroma rather than changes in the distal cervical stroma. That is, women in the short-cervix group had significantly lower proximal cervical echogenicity (P < .008) compared to women in the normal-cervix group. No difference between groups was observed in the distal cervical stroma (P 5 .69). Of note, the standard deviation of DE was greater than the mean DE for the short-cervix group, implying considerable heterogeneity in this metric, attributable to either the multifactorial etiologies of cervical remodeling, our quantitative US technique, image quality, study population, or some combination thereof.
In addition, proximal and distal cervical echogenicity differed depending on whether the anterior or posterior lip of the cervix was evaluated, and this difference varied according to the CL group (P < .04; Figure 3 ). When the CL was less than 2.5 cm, the anterior proximal cervix was more echogenic than the posterior proximal cervix. Regardless of CL, the anterior distal cervix was less echogenic than the posterior distal cervix. Overall, the proximal cervix appeared more echogenic than the distal cervix in the second trimester.
Discussion
Regional differences in the echogenicity of the cervix are detectable by this quantitative US technique. We found that proximal cervical echogenicity was lower in women with a CL of less than 2.5 cm compared to women with a normal CL. No difference in the echogenicity of the distal cervix was noted based on CL. These findings are consistent with the hypothesis that premature cervical remodeling begins in the proximal rather than the distal cervix. 24, 25 A quantitative US analysis of cervical tissue echogenicity may reflect microstructural changes in the prematurely shortened cervix.
The decreased proximal cervical echogenicity in cases of a short cervix is likely attributable to the combination of a localized increase in tissue hydration, collagen disorganization, and elasticity (softness). It is also possible that the upper cervix is being incorporated into the lower uterine segment as funneling develops, and we are actually measuring the echogenicity of the mid cervix in the short-cervix group. The observed difference in DE between the anterior and posterior lips of the cervix has no readily apparent biologically plausible explanation. These findings underscore the fact that the anterior lip is more prone to compression from the transducer. Technical factors affecting the quantification of echogenicity of the anterior and posterior cervical stroma remain to be better elucidated.
Numerous previous studies have attempted to characterize the cervical tissue microstructure by noninvasive techniques in an effort to better predict spontaneous PTB. These methods have included elastography, acoustic attenuation, the cervical consistency index, and shear wave speed estimation, among others. Several studies have also identified regional differences in cervical tissue composition. [26] [27] [28] Hernandez-Andrade et al 27 used US elastography to estimate cervical strain and found that increased strain in the proximal cervix was associated with an increased risk of spontaneous PTB. Carlson et al 28 measured the shear wave speed to assess cervical softness and stiffness and noted an increase in the shear wave speed at the proximal end of the cervix. In general, the limitations of these various techniques include poor reproducibility, operator-dependent variation, and a reliance on specialized and costly equipment. Our study, in contrast, used a technique based on digital imageprocessing algorithms.
One of the fundamental aims of this preliminary investigation was to determine whether DE is a viable, feasible, and useful metric for evaluating the biomechanical properties of the uterine cervix in pregnancy. Given the lack of preexisting reference data for this novel quantitative measure, there were several limitations associated with the study. The sample size was based on convenience, and no a priori power calculation was performed. The spatial resolution and pixel count differed among images. Although multiple US systems and transducers were used to obtain the images, this technique should, in theory, function the same. Intrapatient variation was not assessed; it is unknown whether sampling of an ROI from a different image of the cervix from the initial TVUS examination would change the results. The study population was heterogeneous in terms of parity and clinical risk factors for spontaneous PTB, and there was the potential for a selection bias.
Patients with a history of loop electrosurgical excision procedures were not excluded because some studies have concluded that the procedure may not affect CL or the rate of spontaneous PTB, 29, 30 but it is possible that these procedures produce scar tissue that may alter cervical tissue echogenicity. A single investigator, blinded to obstetric outcomes but not to CL measurements, manually selected the ROIs; this approach was also a potential source of bias, but the systematic means by which 4 distinctly separate ROIs were selected for each image should have mitigated this risk. Intra-and inter-rater reliability were not assessed. Furthermore, echogenicity, which considers the total number of white pixels (overall intensity) but ignores their distribution within the binary ROI, may be an overly simplistic technique; it is possible that more-sophisticated algorithms, which better assess the texture content based on spatial variation in pixel intensities, will provide additional information on the tissue structure.
In summary, this proof-of-concept study found that a quantitative US analysis of cervical tissue echogenicity can detect regional differences in both the prematurely shortened cervix and the normal cervix, and proximal cervical echogenicity is lower in pregnancies with cervical shortening. It must be emphasized that this method cannot yet be applied clinically based on the findings of this study. Histologic correlation is necessary to determine whether this technique actually reflects underlying microstructural changes within the cervical stroma. Prospective longitudinal studies evaluating the cervix by this and similar techniques throughout the second trimester of pregnancy are necessary to determine whether changes in echogenicity precede cervical shortening and whether they are associated with spontaneous PTB.
